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ABSTRACT: Herein, we present a simple and economical synthesis for the first multi-analyte probe able to selectively quantify the concen-

trations of Fe**, NO; and Cysteine. It comprises H*-triggered self-
assembled gold nanoclusters (AuNCs@EW/H*, AuEH) showing
enhanced red fluorescence at 640 nm. The AuEH is a good fluores-
cent nanosensor for Fe’* and NO; with detection limits of 1.40 nM
and 2.82 nM, respectively. Iron detection, through fluorescence
quenching, occurs due to nanocluster aggregation elicited by the
complexation of Fe*" with amino acids on the surface of AuEH;
nitrite detection likely proceeds through fluorescence quenching
via disassembly of the nanoclusters following irreversible oxidation
by nitrite. This selectivity is good enough that it can be used to
quantify the nitrite concentration in commercially available pro-
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cessed meat. Cysteine detection occurs through the restoration of fluorescence of iron-quenched samples; similar molecules including homo-
cysteine and glutathione are unable to restore fluorescence showing the specificity of the interaction. Applications, including as a detecting ink
and as a biocompatible probe show promise due to the lack of observable toxicity of the AuEH, demonstrating their promise as specific and

sensitive biosensors.

KEYWORDS: self-assembled, gold nanoclusters, multi-analyte, fluorescent nanosensor, biocompatible probe.

INTRODUCTION

Nitrites, iron, and cysteine are three very different biologically rele-
vant biomolecules and atoms, each essential, and each toxic at too

high a dose.

Nitrite salts, useful for a variety of applications, including as
common food preservatives and corrosion inhibitors, have been
widely used in drinking water, food and environmental systems, but
are both an environmental pollutant and a risk to human health."?
Elevated physiological levels of nitrite both accelerate the irreversi-
ble oxidation of hemoglobin (Hb) into high-iron Hb leading to
lower oxygen-carrying capacity and hypoxemia,® and also react with
amines to form carcinogenic nitrosamines.*

Iron, generally as Fe®*, likewise plays an important role in many
physiological and pathological processes including cell metabolism,
enzyme catalysis, and oxygen transport. Insuffi-cient Fe** again
contributes to chronic hypoxemia, leading to hypotension, de-
creased immunity and anemia. Again, dose matters: excessive levels
of Fe** generates harmful excess reactive oxygen species, leading to

damage to nucleic acids, proteins and lipids.*®

Finally, cysteine (Cys) also has a narrow range of healthy con-
centrations. Cys deficiency can cause hair discoloration, skin dam-
age, edema, lethargy, liver damage, muscle and fat loss, while ele-



vated levels of Cys can lead to cardiovascular and Alzheimer's dis-
ease.”” Cysteine detection is complicated by its functional similarity
to homcysteine (Hcy) and reduced

glutathione (GSH). Recently, we reported a GSH-specific detector
employing transferrin-protected gold nanoclusters and used this
tool to differentiate between cancerous and healthy cells by their
endogenous GSH content.* We envisioned that a similar technolo-
gy could provide us with a Cys specific tool.

A variety of diagnostic platforms specific for NOz, Fe**, and Cys
have been developed employing chromatography, fluorescence
spectrophotometry, capillary electrophoresis and electrochemical
methods.”!! However, all face limitations, such as the use of toxic
reagents, complex instrumentation, cumbersome and time-
consuming sample preparation, and costly/limited selectivity based
on the complexity of the ma-trix of the sample.”*"* Fluorescent gold
nanocluster (AuNCs) probes may prove complementary as they
offer simple opera-tion, rapid analysis, high sensitivity, and low cost
of operation. Most importantly, they offer multi-analyte detection
capability: we can use the same AuNC to selectively detect nitrite,
iron, or cysteine in a sample. The standard approach to generate
AuNCs involves reducing Au® salts to Au® in the presence of mo-
lecular templates.'>'® Guided by the template, gold atoms gradually
aggregate to form AuNCs.” The size of these clusters, and conse-
quently their emission wavelength, can be controlled by the choice
and stoichiometry of reducing agent and capping ligand.'*'* How-
ever, this route provides access to only rather simple AuNCs.
Complexity and functionality can be introduced by modifying the
surface of the AuNCs,?*?? but function is still restricted; to the best
of our knowledge, employing the same AuNCs for the selective
detection of multiple classes of analytes has not been reported.

Herein, we have employed our previously disclosed egg white-
functionalized gold nanoclusters (AuNCs@EW, AuE)™ as the base
material to prepare H*-triggered self-assembled gold nanoclusters
(AuNCs@EW/H*, AuEH) with strong red fluorescence. Egg
whites are an extremely inexpensive, avail-able, and easy to use
source of protein and if selectivity can be achieved, are far prefera-
ble to using expensive isolated pro-teins. These AuEHs specifically
recognize Fe*", NO; and Cys through three different mechanisms.
AuEH can detect NO;  in food and contributes to the prevention of
NOy related diseases. Besides, the study found that the quenched
AuEH-Fe* fluorescence can be restored by Cys alone rather than
Hcy or GSH. Scheme 1 shows the preparation of AuEH and the
detection of Fe*, NO; and Cys.

EXPERIMENTAL SECTION

Chemicals and Reagents. Hydrogen tetrachloroaurate trihy-
drate (HAuCL.«4H;0) was purchased from Zhanyun Chemical
Co., Ltd (Shanghai, China). Eggs, Ham sausage (1), Ham sausage
(2), Ham sausage (3), Ham sausage (4) and Ham sausage (5) were
all purchased from Taiyuan market (Shanghai, China). Stock solu-
tions (0.1 M) of all the cations (Mg?, Pb*, K*, Ni*", Cd*, Cr*,
Mn?*, Bi**, Zn®, Ba*, Na*, AI*, Co®, Fe™, Ca®, Ag', Cu, Hg2+)
and anions (I, CI, SO.4%, Br-, $,0:%, Ac, NOs, CO;*, NOy, C,0.%,
F, SOs*) were prepared by directly dissolving the chloride salts and
the sodium salts respectively in doubly-distilled water. Aqueous

solutions of disodium-EDTA (EDTA), Cysteine (Cys), Glutathi-
one (GSH), Homocysteine (Hcy), Tyrosine (Tyr), Lysine (Lys),
Arginine (Arg), Phenylalanine (PHE), Glucose {Glu), Folic acid
(FA), and Ascorbic Acid (AA) were prepared by direct dissolution
in ultrapure water purified by a Milli-Q system (Millipore, Bedford,
MA) with a resistivity of 18.2 MQ cm™. All these standards were
purchased from SolibaoTechnology Co., Ltd. (Beijing, China).

Instrumentation. The AuEH was prepared in a Discover SP
microwave synthesizer (CEM, Matthews NC, USA). The fluores-
cence measurements were obtained on a model F-280 spectropho-
tometer (Tianjin, PRC). The UV-vis absorption spectra were car-
ried out using a Cary S0 Bio UV-vis Spectro-photometer (Agilent,
Santa Clara, CA, USA). FTIR spectra of the AuEH were recorded
on a FTIR-8400S (Shimadzu Corpo-ration, Kyoto, Japan). The
dynamic light scattering (DLS) data were acquired using Malvern
Zeta size Nano (Malvern, Malvern, UK) to determine the hydro-
dynamic diameter and zeta potential of the AuEH. Transmission
electron microscopy (TEM) images were obtained using a JEM-
2100 TEM (JEOL Ltd, Tokyo, Japan) at an accelerating voltage of
200 kV. The X-ray photoelectron spectrum (XPS) tests were per-
formed on an AXIS ULTRA DLD electron spectrometer (Shimad-
zu, Kyoto, Japan)

Preparation of AuEH. Gold nanoclusters (AuE) were prepared
according to our previous methods.” Aliquots (1 mL) were with-
drawn, their pH adjusted to 3 using concentrated HCl, and they
were transferred into a sealable microwave vessel. The microwave
parameters were set to maintain 90 °C for 10 min with intermittent
pulsing, and the mixture was premixed for 120 seconds with a high
agitation rate prior to heating. Following irradiation, the reaction
mixture was centrifuged and decanted, to provide the supernatant
as a pale yellow AuEH (HCI) solution exhibiting strong red fluores-
cence. The differentially activated AuEH(HOAc) and
AuEH (H.S0,) were synthesized by adding HOAc or H.SOs4 to the
AuE respectively in place of the HCL using the same method em-
ployed for AuBH(HCI). The AuEH solutions were stored at 4 °C
until required. No precipitation was observed over several months,
and the fluorescent spectra of the stock solutions also remained
constant over this period demonstrating the good stability of the
nanoclusters.

Selectivity measurement. The AuEH solutions were diluted
10-fold with 0.01M HEPES pH 7.4 buffer (resulting in a final pH of
3.3). Adding 10 yL of 0.1 M solutions of various metal cations
(M g2+) Pb2, K*, Ni**, Cd*, Cr™*, Mn?*", Bi**,

Scheme 1. Synthesis of the AuEH and a profile of its sensing behaviour
towards to Fe**, NO, and Cys.
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To further investigate the sensitivity of the AuEH sensors for
Fe** and NO;, various concentrations of Fe** or NO; standard
solutions were prepared by serial dilution in ultrapure water for
fluorescent analysis when added to the diluted AuEH solutions.

To investigate the selectivity of the chemical-dependent fluores-
cence recovery of the quenched AuEH-Fe** (AuEH diluted 10-fold
with HEPES (pH = 7.4) were added with 0.13 uM Fe™, a final pH
of 3.3) system, 10 yL 0.1 M solutions of various biomolecules in-
cluding Glu and Ascorbic Acid (AA), Phe, Tyr, Lys, Hcy, Cys and a
series of ions (Na*, K*, Ca*", $*, I, C:04*, CN") were added drop-
wise to the 1 mL of the AuEH-Fe** system, and the fluorescence
emission spectrum were examined.

To further explore the sensitivity of Cys to AuEH-Fe®, var-ious
concentrations of Cys were prepared for analysis by serial dilution
using ultrapure water.

Experiments were conducted in triplicate to demonstrate re-
producibility. The AuEH fluorescence-quantification experi-ments
were then repeated for Fe*™, NO, and Cys under both neutral (pH
7.4) and alkaline (pH 8.2) conditions, using the same conditions as
described for the acidic (pH 3.3) measure-ments.

Detection of NO, content in food. Five different ham sausage
brands were purchased from the Taiyuan market in China. 8 g of
each finely chopped ham sausage was added to 8 mL of distilled
water and sonicated for 30 min to dissolve any NO,. The precipi-
tate was removed by centrifugation and the supernatant was filtered
3 times. The obtained liquid was added dropwise to the AuEH
solution (using an aqueous solution as a control), and the fluores-
cence emission spectrum was recorded with a fluorescence spec-
trometer.

Response time detection analysis. The excitation wavelength
was set to 380 nm and the detector set to measure emission ampli-
tude at 640 nm with a 700 s scan time. The AuEH stock solution
was then diluted 10-fold with HEPES buffer (0.01 M, pH 7.4), and
1 mL was transferred to a quartz cuvette, to which was added either
10 pL of 0.1 M Fe** or 0.1 M NOy. This sample was then analyzed.
For cysteine detection, the AuBH-Fe** solution (add 12 yL 0.01 M

Fe* to the AuEH solution diluted with HEPES buffer (0.01 M, pH
7.4)) was spiked with 10 L of 0.1 M Cys prior to data acquisition.

Encoding and decoding of information. A "name" was written
on the filter paper (chemical analysis filter paper or fil-lter mem-
brane made of a mixed cellulose ester) using an ink comprising the
AuEH solution and the filter paper (or filter membrane) was im-
mediately placed was irradiated under an ultraviolet lamp (365 nm,
16 W) using the ZF7 UV Analyzer at a distance of 20 cm from the
lamp for several seconds. A 0.1 M Fe** solution was then sprayed
onto the filter paper (or filter membrane) and illuminated with the
same UV lamp (365 nm, 16 W). Finally, a 0.1 M solution of Cys
was sprayed onto

the filter paper (or filter membrane) and irradiated with the above
mentioned ultraviolet lamp.

RESULTS AND DISCUSSION

Synthesis of AuEH. Our previously reported” AuE nanoparti-
cles were treated with acid (HCI or HOAc or H,SO,), and H*-
induced self-assembled nanoclusters (AuEH) were obtained fol-
lowing microwave-irradiation. The fluorescence dependence on
pH was investigated to show that intensity was the highest at pH 3
(Figure 1A) and that the maximum emission wavelength of the
samples is largely pH independent in acidic solution. This was like-
ly because precipitation was minimized at pH 3, so the fluorescence
of the precipitate was the weakest, maximizing the concentration in
solution, and hence the fluorescence (Figure 1B); pH 3 was used
for all further studies.

Physical and photochemical behaviour of the AuEH
nanoclusters. The AuEH solutions have an optimal excitation
wavelength at 380 nm and a deep red optimal emission wavelength
at 640 nm (Figure 2A). Fluorescence is maintained in the solid
state. AuE is an amorphous powder (Figure 2B.1-2), while the pro-
tonated chloride and especially acetate clusters are more crystalline.
The acetate crystals are also very brightly fluorescent (Figure 2B.4).
In contrast, AuEH(H:SO4) is an amorphous network and is far
darker than the other two mate-rials. This may potentially be due to
a denser protein function-alization on the surface of AuEH(H.SO.).
These results demo-nstrate the macroscopic changes to the materi-
als.

Compared with our previously reported AuE,* the optimal
emission peak of AuEH is blue-shifted from 660 nm to 640nm
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Figure 1. (Effect of pH on the fluorescent profile of AuEH. (A) The
fluorescence intensity of AuEH solutions synthesized at different pHs.
(B) Photographs of the supernatant (top) and precipitate (bottom)
obtained from the AuEH solutions pre-pared at different pHs.
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Figure 2. Optical properties of the Au nanoclusters. (A) Fluorescence excitation and emission spectra of AuEH. (B) Photographs of AuE and AuEH,
solid powders, under daylight (left panels) and ultraviolet light (right panels) (1-2: AuE; 3-4: AuEH(HOAC); 5-6: AuBH(HCI); 7-8: AuEH (HaSO4).
(C) Fluorescence emission spectra (excitation slit and emission slits, S nm, excitation at 380 nm, concentrations of 0.83 M) of the AuE and AuEH;
Inset: photographs of AuEH (1) and AuE (2) under visible (top) and UV light (bottom).

and and fluorescence intensity is enhanced 3-fold (Figure 2C).
This is not a factor of pH: when the AuE is adjusted to pH 3, the
intensity does not change (Figure S1). The enhanced bright red
fluorescence of AuEH aqueous solutions may be ascribed to the
fact that the addition of H* leads to the inter-complex aurophilic

interactions, causing further greater aggregation of the nanoclusters
and enhancing fluorescence intensity.'**

To address this hypothesis, TEM was used to determine the
morphologies of the acidic nanoparticles, AuAEH(HCI) (Figure S2).

The particle size of AuEH (3.58 £ 0.72 nm) is significant-ly larger

4



than that of AuE (1.26 + 0.415 nm), which is likely a result of acid-
induced aggregation due to electrostatic interac-tions between the
neutralized proteins on the surface forming the larger clusters
(AuEH).** These larger aggregates then further self-assemble into
even larger AuEH clusters (40 £ 5.83 nm, Figure 3A), which may
be responsible for the en-hanced aggregation-induced
luminescence. Aggregation, by limiting intramolecular rotation and
vibration, reduces the options available for excited state non-
radiative relaxation, resulting in this enhancement.'® The surface of
the AuEH has a lattice spacing of 0.25 + 0.016 nm, which is very
similar to the {111} crystal plane of face centered cubic (fcc)
Au/Ag,** with a value of 0.23 nm.

To support the ex situ TEM measurements, we analyzed the par-
ticle size using DLS. The average hydrodynamic particle size of
AuE is 4.2 + 0.3 nm (Figure S3A) consistent with the TEM meas-
urement, while the average hydrodynamic size of AuEH(HCI) is
greatly increased to 326.2 £ 5.4 nm (Figure S3B). Similarly, the
particle sizes of AuEH(H.SO4) and AuEH(HOAC) were 214.0 +
6.1 nm and 173.3 £ 4.6 nm, resp-

ectively (Figure S3C and S3D), indicating that AuEH nanoclusters
readily aggregate in water and the TEM does not reflect the true
size of the nanoaggregates. The H*-modified nanocluster solution
has a small number of particles with an ultra-small particle size
distribution (Figure S3), which may be residual single AuEH na-
noparticles. Protonation unsurprising-ly inverts the zeta potential
of the negative AuE surface to a strongly positive AuEH surface.

To confirm that the effect was due to protonation and not to the
presence of the various anions, we reprepared the materials by add-
ing NaCl, NaAc, and Na,SO4 to AuE and then conducting the mi-
crowave synthesis. The fluorescence intensity of these gold
nanoclusters did not meaningfully increase compared to the origi-
nal AuE (Figure S4). Likewise, the solid powders obtained from
these clusters are similar to the parent compound in terms of fluo-
rescence (Figure S5). The changes seen in the AuEH are conse-
quently far more likely due to protonation than due to the intro-
duction of anions.

Based on the brighter colour of the AuEH(HCI) powder, we se-
lected this formulation for further analysis. AuEH exhibits a distinct
absorption peak at 280 nm in the UV spectrum (Figure 3D) with a
blue shift relative to the parent AuE particles, suggesting that the
surface hydrophobicity of AuEH clusters was enhanced. FTIR
analysis shows other differences due to the presence of the proton
and the counterions (Figure 3E): the vibration at 787 cm™ is en-
hanced in AuEH due to the vibration of C-Cl. The absorption
peaks of AuEH(H,S0O-) at 617 cm™and nd 1174 cm are enhanced
and broadened because the SO, counterions adsorbed onto the
surface of the AuE. Simi larly, the presence of CH;:COO  resulted in
a significant incre-
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trum in Figure G.




ase in adsorption at both 1640cm™ and the 1398 cm™, which a--re
attributed to the stretching vibration of -C=0 and in-plane bending
vibration of C-H of methyl group, indicating that the AuEH clus-
ters looks as expected due to more carbonyls. Together, these anal-
yses are likely to support the successful syn thesis of the desired
materials.

XRD analysis characterized the crystallite geometry of Au-EH
(Figure 3F). The positions of these four diffraction peaks in AuEH
are subtly shifted from those of AuE,” implying the formation of a
new compound. The dominant signals at 31.8° and 45.3° corre-
spond to the (111) and (200) lattice planes as previously observed
by others.”””® The other two characteristic diffraction peaks at 65.9°
and 75.0° correspond to the (220) and (311) lattice planes, respec-
tively. Collectively, the XRD pattern is consistent with our AuEH
being a face-centered cubic (fcc) structure.”

X-ray photoelectron spectroscopy (XPS) was used to detect the
valence and composition of AuEH (Figure 3G, 3H). AuEH is
mainly composed of C, N, O, S and Au elements (Table S1). The
five peaks at 284.8 €V, 399.9 eV, 531.3 eV, 163.6 eV, 84.0 eV are
ascribed to Cls, N1s, Ols, S2p, and Au4f, respectively. This is con-
sistent with what one would expect from egg white protein-coated
gold nanoparticles. An expansion of the gold signals clearly shows
that the Au4f spectrum is split due to the presence of Au 4fs, and
Au 4f;/, (Figure 3H). These two bands can be deconvoluted into
the Au(0) and Au(I) contributions, with the former clearly domi-
nating.*® We speculate that an Au(I)-S layer coats an Au(0) core to
stabilize the structure of the AuEH analogous to the structures
described for sulthydryl-protected AuNCs.?**!

We further studied the stability of AuE and AuEH at different
pH conditions as indicated by fluorescence intensity (Figure S6).
AuE is stable only under neutral conditions-deviation in either
direction changes absorbance; in contrast, AuEH(HCI) is stable
between pH 3-12 making it a more useful and versatile sensor as
conditions need not be as controlled.

AuEH selectively detects Hg?>* and Fe** through dose-
dependent fluorescence quenching. Building on our previous
work where we used AuE to identify Hg** and Cu™,”® we examined
whether AuEH is also suitable for the identification of specific met-
al ions. We used fluorescence spectroscopy as a screening tool
(Figure 4 and S7). The fluorescence of AuEH at 640 nm was
quenched by the addition of Hg** and Fe** but was unaffected by
many other cations. The effect is so pronounced that quantitative
fluorescence is unnecessary: a simple visual inspection under 640
nm clearly shows the effect (Figure 4A). This ion selectivity is dif-
ferent from that of Cu*'-selective AuE> likely because AuEH ag-
glomerates into larger nanoparticles. Most gold nanoclusters can be
fluorescently quenched by Hg** due to the formation of the very
strong Hg’*-Au" interactions on the surface of the nanoclusters.*>*
The subtle size and elec-trostatic differences between Cu** and Fe**
are likely responsible for their differing preferences for AuE and
AuEH.

The Fe**-dependent quenching is strongly dose-dependent
(Figure 4B, 4C,) with a linear relationship between fluores-cence

intensity and Fe** concentration in the range of 0-6.5 nM, 6.5-99
nM and 0.099-137 uM (Figure 4C inset, 4D, 4E).

This is a very sensitive tool with a detection limit of 1.40 nM from
Figure 4C inset (LOD=30/S, R’=0.99, where ¢ is the standard
deviation of the blank measurement, and S and R are the slope and
correlation coefficient of the calibration curve, respectively.). These
detection limits were compared with previously disclosed methods
(Table S2). This analysis indi-cates that, to the best of our
knowledge, this system is the most sensitive Fe**-fluorescent gold
nanoparticle sensor reported.

We suspected that the mechanism of Fe’* quenching may in-
volve Fe’* inducing further microscopic aggregation of AuEH. The
TEM images of AuBH (HCI) before and after the addition of Fe**
were obtained. Compared with the AuEH nanocluster (Figure 3A),
exposure to 13 yM of FeCl; causes the formation of far larger parti-
cles (Figure S8A, 200-500 nm in diameter). This may result from
the coordination and cross-linking of the surface protein carboxyl
and amino groups by the iron ions as has been previously noted by
others.**** Fe®* has been noted to stimulate the aggregation of pro-
tein-capped precious metal nanoclusters, which has caused fluores-
cence to quench.**” This might be the mechanism of action. Like
the fluorescent spectrum, the UV-vis spectra of AuEH(HCI) are
affected by the addition of Fe** (Figure S8B). The presence of Fe**
(50 uM) results in a new peak at 310 nm consistent with the ab-
sorption peak of free Fe**; however, as the excitation and emission
spectra of AuEH(HCI) do not overlap with the absorption spectra
of Fe** (Figure S8C), no fluorescence resonance energy transfer
can occur.”® Further evidence of the surface interaction of the iron
with the nanoparticle is provided by the change in the zeta poten-
tial of the cluster from + 22.5 mV to + 30.13 mV (Figure S8D).
Addition of Fe** stimulates the further aggregation of AuBH(HCI),
which causes fluorescence quenching.

The Hg** specificity was expected, but the selectivity of the Fe**
detection is very notable. Interference from other ions is a distinct
possibility, so we further explored the limits of this Fe** selectivity.
The result is a pleasant surprise. The presence of other metal ions,
has almost no effect on the detection of Fe** by the AuEH system
(Figure S9). We were concerned that other redox-active metals
such as copper or even Fe™, can also undergo charge transfer from
the reduced to oxidized states and could confuse the measurement;
consequently, we also tested Fe’* and Cu*. Fe’* has a negligible
effect on AuEH fluorescence (Figure S9A). As copper (I) salts are
unstable and poorly soluble in water, we used ascorbic acid (AA) to

" Of course, this introduced a

reduce Cu™ to obtain Cu* in situ.
contaminant, and we consequently independently determined that
AA had no effect on AuEH fluorescence even at high concentra-
tions (Figure S9B). To improve the stability of the copper salts, we
also employed EDTA to complex with Cu’*. Therefore, we also
quantified the influence of Cu**«EDTA on the fluorescence of the
AuEH; this complex likewise had no measurable effect (Figure
S9C). Finally, we used AA to reduce Cu’ into Cu* and tested the
effect of Cu* on the fluorescence of the AuEH. In this case Cu*
does partially reduce AuEH fluorescence, but the effect is mild
(Figure S9C). AuEH has remarkably selective specificity for Fe™".



The one great confound of course, is mercury. As both Fe** and
Hg’* can quench AuEH fluorescence, the interference of
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Figure 4. Detection of Fe**. (A) Effect on AuEH(HCI) fluorescence (F/FO0) of different cations (F/F0, where F and FO are the fluorescence intensi-
ties of AuEH(HCI) with and without metal cations (1.0 mM), respectively), inset: photos of the AuEH(HCI) solutions under 640 nm; (B) Fluores-
cence emission spectrum of different concentrations of Fe** added to AuEH(HCI). (C) Relative fluorescence intensity (FO-F) of AuEH(HCI) treat-
ed with various concentrations of Fe**. (C inset, D, E) Linear plot of (F-F0) and Fe** concentration.

Hg’* on the detection of Fe’* must always be considered when
quantifying the latter. To be able to address this challenge experi-
mentally, we took advantage of the strong tendency for Hg** and I-
to form [Hgl,]*.*' Based on this precedent, we used I to remove
Hg’* from solution so that iron-mercury mixed systems could be
analyzed. Solutions of I" have little impact on the fluorescence of
AuEH (Figure S10). Similarly, when Na,Hgl, is added to AuEH,
the fluorescence intensity exhibits negligible change (Figure S10).
When Fe** was added to this mixture, quenching occurs. The pres-
ence of the mercur- ric iodide does not inhibit iron’s interaction

with the nanopar-ticle (Figure $10). lodide can consequently be
used as a masking agent for Hg*, so that the AuEH can be used to
quantify Fe** levels in potentially mercury-contaminated samples.

The sensitivity tests were done in triplicate with fresh synthetic
samples (Figure 4, S11). The fit was the same in all cases, and the
calculated detection limits were 1.40 nM, 1.43 nM and 1.39 nM
(Figure 4C, S11C inset), a relative standard error of 1.5%.

Sensitivity of NO, and fluorescence quenching studies. The
presence of adsorbed H* on the AuEH led us to speculate that the
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addition of specific anions may also quench AuEH fluorescence.
Using fluorescence as a screening tool we exam-ined the effect of
various sodium salts on AuEH(HCI) optical

behaviour at 640 nm. Only nitrite affected fluorescence (Figure SA,
S12A and S12B). Again, like with iron, the effect is selective and
drastic and can be observed from inspection alone (Figure SA in-
set). Importantly, unprotonated AuE was not sensitive to NOy
(Figure S12C). Again, the effect is dose-dependent (Figure SB,
SC). When the concentration of NO;' is in the range of 0-24 nM
and 0.4-64 pM, there is a linear relationship between the relative
fluorescence intensity of AuEH and the concentration of NOy
(Figure 5D, SE), and the detection limit calculated from Figure SD
is 2.82 nM (R? = 0.99).
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The detection limit is very low and demonstrates that AuEH can be
an excellent probe for detection of NO; with far lower limits of
detection than other methods (Table 1). This sensor is also highly
reproducible (Figure S, S13). Triplicate experiments determined
detection limits of 2.82 nM, 2.84 nM and 2.86 nM (Figure 5D,
S13D) respectively, with a relative standard error value is 0.70%.

As far as we know, there are very few reports using gold
nanoclusters to detect NO;.* The mechanism of action is certainly
not understood. The effect is obviously not a result o-
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Figure S. Detection of NOz. (A) Relative fluorescence intensity of AuEH(HCI) (F/F0, where F and FO are the fluorescence intensities of
AuEH(HCI) with and without anions (1.0 mM), respectively), inset: photographs of AuEH(HCI) solutions in the presence of the different metal
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ions under 640 nm. (B) Fluorescence emission spectra of AuEH(HCI) as a function of NO2™ concentration. (C) Relative fluorescence intensity (FO-F)
of AuEH(HCI) at 640 nm when treated with various concentrations of NO,". (D-E) Linear plot of (F-F0) and NO" concentration.

Table 1. Comparison with some previously reported of detection for NOy.

Probes LOD of NO, (nM) refs.
Rho-MCM@Cor;:;iol;{iilo-MCM@Core 400 Cui X etal. (2017) (reference 42)
Folic acid probe 18 LuLetal. (2015) (reference 43)
Au@Si0,-CdTe@dBSA NPs 60 Liu YL etal. (2014) (reference 44)
BSA-Auas nanoclusters 100 Unnikrishnan et al. (2014) (reference 45)
Rh 6G-functionlized silica NPs 1200 Wang L L etal. (2012) (reference 46)
(PA) probe 42 Gu B etal. (2016) (reference 47)
AuEH(HCI) 2.83 this work

basicity or simple deprotonation of the nanoclusters as both slightly
weaker (acetic, carbonic) and slightly stronger (thio-sulfuric, sulfu-
ric acid monobasic) acids show no activity. It must be due to a
more complex interaction. The detector is only functional under
acidic conditions, where NO, can coor-dinate with H* to form
nitrous acid (HNOyz). Upon further protonation, this can reversibly
decompose to nitrosyl cations (NO*) and water.” Since NO* is an
extremely potent oxidant, one can speculate that it may undergo a
redox reaction with the Au(I) or Au(0) onto the AuEH, potentially
quenching the fluorescence. To validate this mechanism, we exam-
ined the morphology and chemical makeup of AuEH(HCI) after
addi-tion of nitrite. The morphology of AuEH as determined by
TEM does change significantly upon exposure to nitrite (Figure
$14): the nanoclusters disassemble with a discernable particle size
of 5.5 nm. Moreover, XPS patterns of AuEH(HCI) were also tested
after treatment with NO,. XPS analysis demonstrates that the in-
troduction of NO; diminishes the peak intensity of each element
(Figure S1SA vs Figure 3G). The peak position of binding energy
of each element also shifts (Tables S1 and S3), suggesting that the
chemical environment of the element has changed. Introducing
nitrite decreases the percentage of Au, demonstrating that it de-
creases the amount of bare gold on the surface. The binding energy
(BE) of Au 4f;» electrons, assigned as Au(0), in AuEH is 84.8 eV in
the absence of NO;. After adding NO, BE increased slightly to
85.2 eV (Figure S1SB), indicating that the average oxidation state
of Au increased. This would be consistent with NO* oxidation of
surface Au(0) to Au(L). This would possibly destabilize the surface
interactions sufficiently to cause disassembly of the nanoclusters
which would result in fluorescence quenching. If the interaction
were purely physical, a thorough washing process should restore
fluorescence due to reversible removal of the nitrate from the sur-
face. However, no matter how the nanoparticles are treated
through washing, the fluorescence quenching cannot be reversed,
indicating that this process is irreversible. Providing further support,
under neutral or alkaline conditions, the introduction of NO; failed
to quench the fluorescence of the clusters (Figure S19A). This is
good support for the proposed mechanism of action.

Furthermore, that this effect is specific to AuEH rather than AuE
was confirmed by treating the sodium salts of AuE with the analytes
(Figure S16). Mercuric ions still quench fluores-cence, but Fe**
quenching is far more moderate, and NO, has little effect on fluo-
rescence intensity at all. This is further evi-dence that acid-
mediated microwave synthesis is providing a distinct new species.

Detection of NO, content in food. NaNO; is a common food
additive as it is antiseptic without affecting the color, aroma, or
taste of food. However, NO,  is also carcinogenic, and excessive
consumption can cause harm to the body.*®**' Therefore, NO; con-
tent is strictly regulated around the world, although enforcement,
as always, remains challenging. These AuEH particles could be very
useful tools for regulators. To demonstrate the proof of concept, we
purchased five different brands of ham sausages readily available in
the Chinese mar-ket and evaluated their NO, content (Table 2).
Nitrite content in Chinese processed meat products cannot exceed
30 mg/kg (GB 5009. 33-2010). All five tested below this threshold,
but there was still considerable variability, with one sample com-ing
very close to the legal limit. This technique took only 1 minute per
sample and required none of the complicated in-strumentation or
sample preparation normally required for this analysis. Comparing
the results with those acquired using the standard spectrophoto-
metric method**** showed that our measurements are within the
error range, indicating the validi-ty of the method.

Ham sausage, however, also contains Fe**, and this could be af-
fecting the measurement; EDTA was added to chelate the iron to
remove it from the assay.>** EDTA alone had no effect on the fluo-
rescence of AuEH (Figure S17A). We then investigated the efficacy
of employing EDTA as a masking agent for Fe*". A preformed
EDTA.Fe** complex does still sli-

Table 2. Validation of AuBH(HCI) as an analysis tool to de-
termine NO, content in food.
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ghtly decrease the fluorescence of the AuEH solution (Figure
S17C); however, when NO, was then added to this
EDTA.Fe**+AuEH mixture, the fluorescence of AuEH was
quenched to the same degree as if the nitrate was the only species
present (Figure S17C). EDTA can be used as a partial masking
agent. Therefore, we can say that the strong binding effect of EDTA
and Fe** allows EDTA to be used as a mask-ing agent so that the
detection of NO, by AuEH is not significantly affected by Fe®".
AuEH fluorescence intensity is inversely proportional toNO» con-
5). When

centrations (Figure

NO; content by

Ham sau- L.
Place of origin AuEH Analy-
sage X
sis(mg/kg)
(1) Henan Province 214
(2) Henan Province 222
3) Jiangsu Province 222
Guangdong

28.6
(4) Conghua
(s) Guangdong Prov- 117

ince

the NO, concentration was increased from 0 to 2500 pM, the fluo-
rescence intensity of the AuEH was gradually quenched (Figure
S17E). Between 0 and 8.9 nM, the relative fluores-cence intensity
of the AuEH is linearly correlated to NO™ con centration, allowing
us to determine that the detection limit is 1.89 nM, very similar to
the limit determine in the absence of EDTA and iron (Figure
S17E).

This EDTA-masking protocol was employed to quantify the
NOy levels in the ham sausage in order to prevent the interfer-ence
of the endogenous Fe** providing an overestimated result.
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Figure 6. Cysteine-induced fluorescence recovery. (A) The relative fluorescence intensity of the AuBH(HCI) (where F and FO are the fluorescence
intensities of the AuEH(HCI)-Fe** in the presence or absence of biomolecules, respectively); (B) The AuEH(HCI)-Fe** fluorescent amplitude de-
pendence on Cys-concentration; (C) The fluorescence intensity of AuEH(HCI), AuEH(HCI)-Fe** and AuEH(HCI)-Fe**-Cys (3.8 mM) showing
the near complete recovery of fluorescence. (D) Relative fluorescence intensity (F-FO) of quenched AuEH (HCI)-Fe®* treated with different concen-
trations of Cys. (E) Linear relationship between (F-F0) and concentration of Cys. (B,C,D: Cys concentration from 0-3.8 mM)

By correlating the measured fluorescence obtained from these
samples of sausage with our standard curve (Figure S17F), we de-
termined the NOx concentration, and consequently the mass con-

tent in the sausage.

Cysteine-induced fluorescence recovery. Abnormal levels of
cysteine (Cys) are associated with many human diseases,**¥ so the
detection of Cys remains important. The change in fluorescence
intensity of the quenched AuEH (HCI)-Fe** (AuEH-Fe**) in the
presence of 14 different molecules was determined (Figure 6A).
Only Cys effectively restores the quenched AuEH-Fe® fluores-
cence. This can be explained by the mechanism that Fe*

reduced to Fe** by Cys, whichis not able to maintain the aggregates,

can be

and this leads to fluorescence recovery.”®¥ The effect is dose-
dependent (Figure 6B, D) and after reaching 3.8 mM of Cys in
solution, 90% of the original AuEH fluorescence is recovered (Fig-
ure 6C). The specificity is notable as two other thiol-containing
biomolecules, homocysteine and glutathione are incapable of re-
covering quenched AuEH-Fe®* fluorescence. The cysteine detec-
tion limit of the system is 9.87 uM (From Figure 6E) which is not
as sensitive as the ion detection capability of the system, but as the
normal physiological serum concentration is on the order of 30
pM,% this could still prove useful. This detection limit is highly
reproducible, with three trials providing values of 9.87 pM, 9.86 uM
and 9.89 pM respectively (Figure 6E, S18E), implying a relative
standard error of 0.52%.
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Evaluation of response time of detection methods. AuEH

oy}

Intensity (a.u.)

180

1504
1204
904
604

304

>

can detect Fe®*, NO, and Cys with high sensitivity; however the
response time is also important. Our time-dependent study indi-
cates that upon addition of Fe** AuEH fluorescence inten-sity is
rapidly quenched, reaching a stable minimum after 341.5 s follow-
ing pseudo-first order kinetics with a rate con-stant of 0.00407 s
(Figure 7A). The reaction with nitrite, despite being a very differ-
ent process mechanistically, proceeds in a very similar fashion,
plateauing after 353.5 s with a pseudo-first order rate constant of
0.00459 s (Figure 7B). The efficiency of AuEH fluorescence
quenching by Fe** and NOy is very high; these are not only very
sensitive, but are fast responding sensors. The response to cysteine
is slower, with the pseudo-first-order constant of And for Cys sens-
ing, the results show that the fluorescence intensity of 0.00211 s™
(Figure 7C), however 10 minutes to recovery is still an acceptable
length of time for an environmental sensor.

AuEH remains an active sensor under neutral and alka-line
conditions for Fe**, but loses its ability to sense nitrate and
cysteine. All of the above studies were conducted in acidic solution;
however, the AuEH are still sensitive to Fe*-induced fluorescence
quenching under neutral and alkaline conditions (Figure S19A).
However, under neutral or alkaline conditions, NO» becomes una-
ble to affect the fluorescence of AuEH (Figure S19A). This further
supports our contention that redox reactions between NO, and the
gold surface, under acidic conditions, are responsible for the ob-
served irreversible quenching effect. Similarly, when fluorescent-
quenched AuE-
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Figure 7. The fluorescence intensity of AuEH(HCI) as a function of time after exposure to ions. (A) Fe**; (B) NOy; (C) The fluorescence intensity

of AuEH(HCI)-Fe?** as a function of time after exposure to Cys.

H-Fe*" is in neutral or alkaline conditions, Cys cannot restore its
fluorescence (Figure S19B). This is probably because Cys will not
undergo redox reactions with Fe** above acidic pH. This pH de-
pendence can also be used to ensure that Fe* can be detected in
the presence of NO;: raising the pH makes it insensitive to the
anion, while adding EDTA at acidicpH masks the iron. These sim-
ple modifications to the sensor conditions means that AuEH can be
readily used to detect one analyte in the presence of the other.

AuEH can be used to Encode and decode information and is
non-toxic to mammalian cells. This quenching, essen-tially an
iron-based off-on switch, could be usefully deployed as an ink.
When a word, “AuNCs” was written onto a piece of filter mem-
brane with a solution of AuEH (Figure 8A), it fluo-resces red.
When treated with Fe®* the fluorescence is quenched. After adding
Cys, the red fluorescence on the filter membrane was restored.
Importantly, the AuEH can bind to paper as well, demonstrated by
the second example where the Chinese character for “heart” was
inscribed on a piece of filter paper (Figure 8B). This use as a fluo-
rescent ink might prove useful as a simple diagnostic tool. This
phenomenon may be used to identify the authenticity of consumer
products in the future.

Figure 8. Photographs of AuEH under both visual and UV light (365
nm), alone, or in the presence of iron and/or cysteine. (A) “AuNCs”
inscribed on a filter membrane. (B) Chinese character for “heart” in-
scribed on Whatman filter paper. The second image in the series was
acquired from the cysteine restoration of fluorescence.

Additionally, an MTT assay of the AuEH(HCI) against liver
HepG2 cells shows no evidence of toxicity up to the maximum
tested concentration (1.2 mg/mL; Figure S20A). The nanoclusters
exhibit promising cell imaging capabilities as, after incubation, the
fluorescence localizes to the cytoplasm (Figure S20B). These could
act as in vitro sensors of mercury, iron, elevated cysteine, or nitrite;
or, with functionalization, as targetable dyes for other applications.

CONCLUSIONS

In this work, H*-triggered self-assembled gold nanoclusters (AuEH)
were synthesized through the microwave irradiation of egg-white
protein-coated gold nanoparticles with HClL. Nanoclusters made
with sulfuric acid and acetic acid showed similar activity and prop-

erties demonstrating that the effects were due to protonation rather
than the specific counterion. The bright red fluorescence of the
AuEH can be used to spe-cifically recognize Fe*', NO; and Cys,
and the detection limits are calculated to be 1.40 nM, 2.82 nM, and
9.87 uM, respectively. Fluorescence was largely unaffected by all
other analytes except Hg’". The mechanism of quenching is likely
either through the formation of larger aggregates (in the case of
Fe®*) or disassembly of the nanoclusters (in the case of nitrite). We
used the AuEH to quantify the content of NOy in five kinds of
meat products, which indicates that it can be successfully used for
quantitative analysis of analytes from real matrices. Inks incorporat-
ing AuEH are fast to cellulosic ester membranes and paper under
aqueous conditions, and the nanoclusters were deemed non-toxic
at all evaluated concentrations. Finally, the use of masking agents,
or a simple change in the pH of the solution, makes the AuEH sen-
sitive to only nitrate or Fe*" in real matrices that contain both. They
could prove useful as the basis for the development of highly specif-
ic biosensors in the future.
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